Introduction
Corrosion of steel in concrete, triggered by the penetration of chlorides through the concrete, is the most frequent cause of the premature degradation of reinforced and pre-stressed concrete structures, and thus presents one of the most important challenges in civil engineering 1, 2, 3, 4 . Industrialized countries typically have a large inventory of aging concrete infrastructures, built in the second half of the last century, and thus with a history of several decades of exposure to marine climate or deicing salts used on roads. Being able to reliably assess the condition of these structures, i.e., the risk for corrosion, forms the basis for planning maintenance work and for infrastructure management, in general.
The established approach in engineering for managing chloride-induced steel corrosion in concrete is based on a chloride threshold value (also termed critical chloride content, C crit ) 1, 5, 6 . According to this concept, corrosion initiation is thought to occur as soon as the chloride concentration in the concrete at the steel surface exceeds the C crit threshold. Thus, assessing the condition of existing structures and estimating the remaining service life typically rely on determining the chloride content at different depths in the concrete, particularly at the depth of the embedded reinforcing steel. A number of reliable and standardized methods exist to measure this chloride concentration in samples of concrete . The approach of using tabulated threshold values in durability assessments is in contrast to structural considerations in condition assessments of aging concrete structures. In the latter case, there exist a number of standardized test methods to determine mechanical properties, such as the strength of the materials in the structure (concrete, reinforcing steel), to be used in the calculations of the structural behavior.
In this work, an experimental protocol to determine C crit on samples taken from engineering structures is presented. The approach is based on drilling cores of reinforced concrete in parts of concrete structures where corrosion has not yet initiated. These samples are transferred to the laboratory where they are subjected to an accelerated corrosion test in order to study the conditions for corrosion initiation. The main advantage of the proposed method is that the samples stem from structures and thus exhibit real conditions concerning a number of parameters that are well known to greatly influence C crit and which cannot be representatively mimicked in laboratory-produced samples. This includes the type and the age of the concrete (young laboratory concrete versus mature site-produced concrete), the type and surface condition of the reinforcing steel used at the time of construction, and in general the properties of the steel-concrete interface 14 . Together with the accuracy of laboratory measurement methods, this approach permits the reliable determination of C crit for specific structures or structural members.
Application of the suggested protocol in engineering practice will -compared with the common practice of using a constant value for C critenhance the accuracy of condition assessments and the predictive power of models to analyze the remaining service life. The expected strong increase in repair works of our built infrastructure over the coming decades 15 poses an urgent need for such an improvement in engineering of corroding infrastructures.
Protocol

Sampling on the Engineering Structure
1. Select test areas in the concrete structure by taking into account the note below. NOTE: A test area is the area from which several samples will be taken. A test area should be located within one structural member (presumably from one concrete batch), and exhibit homogeneous exposure to the environment (for instance, avoid significant differences in sampling height in columns or walls). Thus, several test areas may be selected within one engineering structure. As an additional requirement, the test area needs to be free of corrosion damage. This can be verified based on the results of established inspection methods, including non-destructive testing such as potential mapping 16, 17, 18 . Note that chloride penetration may already have occurred in the structural member under consideration. This does not affect the validity of the test method described here, but may influence the time needed for the corrosion testing in the laboratory. 2. Within each test area on the structure, choose locations of sampling (sampling locations). Choose sampling locations that are free from honeycombs, cracks, spalling, or other signs of locally poor concrete cover quality or deterioration. 1. Locate the reinforcing steel bars in the concrete by means of a non-destructive, handheld scanning device commonly known as "reinforcing steel detector"
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. Move the steel detector both in horizontal and vertical directions over the concrete surface within the test area and mark (using chalk) each reinforcing steel bar temporarily on the concrete surface (grid shape). 2. Select locations for core-drilling of cores with a diameter of at least 150 mm; Mark and label them on the concrete surface (using chalk). Avoid sampling intersections of reinforcing bars within the core. Select the locations in such a way that the reinforcing steel bar will be as centrally located as possible within the core. NOTE: Make sure to select those steel bars that are of interest for the assessment of the structure (usually the layer with the lowest cover depth); it is particularly important to distinguish between vertically and horizontally oriented bars as this has an influence on the corrosion performance 20 . 3. To account for the variability inherent to C crit , and to be able to provide statistical data, select a minimum of 5 (ideally 10) locations for sampling within a test area. 4. Consider structural implications with respect to the number and position of cores drilled from the structure in order to avoid any critical weakening of the structure caused by the sampling. 5. Document the position of all samples within the structural member accurately before sampling (photographs, sketches showing distances to edges, etc.) NOTE: This may also include documentation of on-site measured parameters at the corresponding locations such as electrochemical steel potentials 16, 17, 18 , cover depth measurements 19 , or other non-destructive test results such as concrete resistivity.
3. Drill the concrete cores (minimum diameter of 150 mm) containing the segment of reinforcing steel according to common procedures and standards 21 . 1. To avoid damaging the steel-concrete interface, perform the core-drilling carefully (water-cooled drilling, sharp drilling tools, etc.) Adjust the depth of core-drilling depending on the concrete quality and on the cover depth of the reinforcing steel. NOTE: As a rule of thumb, the length of the core should be at least 2 -3 times the cover depth. This normally permits breaking the core out of the structure without damaging the steel-concrete interface. 2. Remove the liquid water from the concrete core surface. Clearly label the core with a water-proof chalk marker. 3. Wrap the core in a diffusion tight foil to preserve the moisture conditions during transport to the laboratory.
1. Adjust the concrete cover on both the front and back side of the drilled core.
1. Reduce the concrete cover at the front side (which is the originally exposed side) by water-cooled diamond cutting in order to obtain a final concrete cover thickness of the sample in the range of 15 -20 mm (Figure 1a -b ). 2. Make sure that the concrete cover thickness is uniform at the side to be exposed. Measure the concrete cover at both ends of the reinforcing steel bar (i.e., at the lateral face of the core) with a caliper. If needed, use cutting or polishing tools to eliminate any differences in cover thickness exceeding 1 mm. 3. Measure the thickness of the concrete behind the reinforcing steel with a caliper or a ruler at the lateral face of the core and ensure that it is ~ 30 -50 mm (Figure 1b) . If needed, cut the core with water-cooled diamond cutting. NOTE: No polishing is required on this side.
2. Establish a cable connection and protect the reinforcing steel bar ends from false corrosion initiation during the exposure testing by the following procedure Figure 1c .
1. Use a coring drill with an inner diameter slightly larger (by 2 -4 mm) than the diameter of the reinforcing steel bar to remove the concrete directly around the steel at each bar end over a length of maximum 10 mm. Scratch remnants of cement paste adhering to the steel surface with help of adequate tools (metallic spatula, small chisel, etc.) 2. Drill a small hole in one of the ends of the steel bars and use a metallic self-tapping screw to fix a cable lug (connected to a copper cable) to the steel bar. Make sure that the cable lug is firmly pressed against the reinforcing steel. NOTE: The diameter of the screw should be slightly larger (e.g., by 0.1 -0.2 mm) than the one of the hole drilled in the steel to guarantee a tight and solid connection. 3. Place the screw thread within the reinforcing steel, and ensure that it does not protrude the reinforcing steel part at any place as this will likely affect the electrochemical measurements and the corrosion behavior. NOTE: This can be ensured by using short screws and by paying attention to the direction of drilling the hole (parallel to the axis of the steel). It is easier to drill parallel to the axis of the steel bar if the cut face of the steel bar is perpendicular to the bar axis. It is thus important that the reinforcing bars are centrally located within the core, otherwise the cut steel face is not perpendicular to the steel bar axis. 4. Do not use soldering, spot welding, or similar techniques to establish the electrical cable connection because the heating may influence the steel or the steel-concrete interface in the sample. 5. Fill the gap created around both steel bar ends with a dense cement paste/mortar/grout by carefully pouring the slurry into the holes.
Also coat the screw and lug of the cable connection. 1. Use a polymer-modified cement-based product for this in order to ensure good adherence and end protection. NOTE: There exists a range of commercial products marketed as repair mortars or similar (see Table of Materials). It is important that the product does not contain a corrosion inhibitor or any other substances affecting the electrochemical behavior of the steel. 2. Make sure this cement paste/mortar/grout is applied and cured properly, i.e., according to the supplier's instructions.
3. Apply an epoxy-coating to limit the exposed surface area.
1. Prior to applying the coating, allow the concrete surface a few days of drying at room temperature and indoor climate. Avoid aggressive (e.g., in the oven) or long (more than a 1 -2 weeks) drying of the core as this may change the microstructure of the concrete (cracking), and thus influence the test results. 2. Coat the lateral surface of the core with an epoxy resin. Also coat the reinforcing steel bar ends and the cable connection (screw, cable lug, etc.) (Figure 1c -D) . 3. With the same epoxy resin, also coat the end parts of the exposed concrete surface at the side of the core, which was previously closest to the structural concrete surface (Figure 1d) . Leave an exposed (uncoated) length along the steel bar on this side of 60 -80 mm. 4. Leave the upper concrete face uncoated (i.e., the side opposite to the exposed side, compare Figure 1d) . NOTE: The epoxy resin used should be suitable for application on concrete (stable in alkaline conditions, easy to spread, e.g., with a brush, etc.) 5. Apply the coating, so that it forms a diffusion tight barrier towards the later exposure to the chloride containing solution. Ensure that the coating thickness is at least 2 mm. Check that no pores and holes are visible in the coating. If needed, apply several layers of the resin. 6. The protocol can be paused here; wrap the sample again in a diffusion tight foil.
Corrosion Test
1. Prepare the setup for exposure to solution.
1. Place all the samples in a tank, with the sample side exhibiting 15 -20 mm concrete cover thickness facing downwards. Mount the samples on small spacers to permit exposure of the solution to the samples from their underside (Figure 2 ). 2. Choose a tank with dimensions permitting a distance between the concrete samples and between the samples and the tank walls of at least 4 cm; the height of the tank is ideally in the range 15 -30 cm.
2. Prepare the instrumentation for data logging.
1. Place a reference electrode in the exposure solution (Figure 2) . NOTE: For a reference electrode, any type of stable reference electrode suitable for immersion in the exposure solution can be used (for instance an Ag/AgCl/KCl sat reference electrode). Special measures may be needed to avoid contamination of the exposure solution by the electrolyte of the reference electrode and vice versa. 2. Connect all samples to an automated data logger, which can individually measure the potentials of the reinforcing steel bars vs. the common reference electrode (Figure 2) . Use a data logger with an input impedance higher than 10 7 Ohm.
1 . 4. In some cases, the samples assume potentials clearly more negative than -100; immediately inspect the samples in more detail (see section 5). Perform this step also if the potential varies markedly during exposure to the chloride-free solution.
4. Start exposure to chlorides. 1. After 1 -2 weeks in chloride-free solution, replace the exposure solution with a prepared solution of 3.5% NaCl by weight. Use deionized water to prepare this chloride solution. Use a volume of the chloride solution equal to the initial chloride-free solution (same depth of immersion). Close the exposure tank with a lid (recommended) to limit evaporation of the solution and related changes in chloride concentration. 2. During chloride exposure, regularly (at least once per 2 weeks) check the water level with respect to the samples. If needed, add deionized water. Limit renewing the entire exposure solution to a minimum because this promotes leaching of the concrete. 3. Continue monitoring the potentials of the samples and regularly (at each twice a week) check the corrosion state of each sample by evaluating the recorded evolution of potentials over time of each sample and by considering the criterion for corrosion initiation defined in section 3.5. 4. After 60 days, increase the NaCl concentration in the solution to 7% by weight. After 120 days, increase the NaCl concentration in the solution to 10% by weight. After this, maintain the chloride concentration at this level.
Evaluate the monitored potentials over time in order to detect corrosion initiation.
Note: During exposure, the samples typically exhibit relatively stable potentials within approximately +/-30 mV of the initial values of exposure to chloride-free water. This potential range will be referred to as "passive level" herein ( Figure 3) . It may be different for each individual sample. 2. Once this criterion for corrosion initiation is satisfied, immediately remove the sample from the exposure solution and proceed as described in section 4. Document the time to corrosion initiation (t ini ) of this sample (Figure 3) . Continue the exposure test with the remaining samples. 3. If the potential decrease from the passive level is less than 150 mV, observe the sample closely over the coming exposure time. If the potential decreases further and achieves a stable level, consider this as a change in corrosion state. 1. Pay special attention to such samples by checking the corrosion state with alternative measurements (e.g., measuring the linear polarization resistance 22 ) or by finally analyzing them as described in section 4. If the time of corrosion initiation cannot clearly be ascribed, reject the sample. 4 . If the potential drop is pronounced (exceeding 150 mV within a few days), but followed by an increase in potential over the following days towards the initial passive level (Figure 3) , leave the sample in the exposure solution for further monitoring. 5. Pay special attention to situations where all potentials of the samples exposed in the same exposure tank undergo simultaneous changes in potential. If this occurs, immediately check the reference electrode, and fix it or replace it with a new one if needed. NOTE: Exchanging the solution or increasing the chloride concentration typically leads to shifts in potential. This may be related to establishing different diffusion potentials at both the junctions of the exposure solution/reference electrode or exposure solution/ concrete sample 23 . These changes affect all samples exposed in the same tank similarly. They do not indicate changes in the corrosion state. NOTE: If the reference electrode is unstable or leaks into the solution, it will exhibit a drift. As a consequence, all monitored steel potentials will show the same trend over time. This does not indicate changes in the corrosion state.
3. Measure the carbonation depth.
1. Immediately after documentation, spray the split concrete surfaces with phenolphthalein solution and determine the carbonation depth 24 . NOTE: It is crucial to note whether the carbonation depth reached the steel surface, and if not, what the distance of the carbonation depth to the steel bar. This must be reported together with the results.
4. Perform chloride analyses and determine C crit .
1. On both halves of the concrete core, remove the parts that were epoxy-coated by means of water-cooled diamond cutting (Figure 6a ). 2. From the obtained prisms, remove the concrete in the cover zone by means of water-cooled diamond cutting down to 2 mm to the steel bar (Figure 6b) . Dry the concrete at 105 °C overnight. 3. Subsequently, grind the concrete and collect the grinding powder; the thickness of this grinding step is 4 mm (Figure 6c ). This yields, from each half of the concrete core, a sample of concrete powder at the depth of the steel bar +/-2 mm. 4. Dry the obtained concrete powder samples at 105 °C to a constant weight. Analyze the acid-soluble chloride concentration in the dried concrete powder according to standards 7, 8 . Compute the average of the two values. NOTE: The result is the chloride content as a percentage by weight of the concrete. 5. If the cement content of the concrete in the specific sample used for chloride analysis can be determined (e.g., by means of suitable methods 25, 26, 27 ), convert the chloride content to percentage by weight of cement. 6. Document the result of the chloride analysis, which is the critical chloride content C crit for the specific sample. Make sure to indicate if the value is expressed in terms of percentage by weight of concrete or by weight of cement.
5. Document the results as a test report for each sample. 1. Report all documented effects from the visual inspection (section 4.2) together with the test results (recorded potentials over time, time to corrosion initiation, carbonation depth, and C crit ).
Representative Results
Figure 7 displays typical steel potentials monitored during chloride exposure in the laboratory. Both examples show that the potential may drop significantly within a very short time, but that the corrosion process may not yet stably propagate, which becomes apparent through an increase of the potential towards its initial passive level. In this protocol, the time of corrosion initiation, i.e., the time at which exposure is stopped and C crit is determined, is defined by a marked potential drop followed by 10 days of negative potentials (see section 3.5.2 and the Discussion for more details).
It is common that it may take several months until stable corrosion initiation occurs. This also depends on the initial chloride content already present in the concrete when the samples are taken from the structures. In some cases of the experiments so far conducted, it took more than 1 year until corrosion initiated. Figure 8 shows an example of C crit measured in 11 samples taken from a more than 40 years old road tunnel in the Swiss alps. All these samples were taken from within an area of 1 -2 m 2 , thus presumably identically produced and exposed. In this example, the chloride content at the steel surface at the time of sampling was negligible. Additionally, the carbonation front was still far from the steel surface. Figure 9 shows two examples where the steel potential decreased strongly upon exposure to the chloride-free solution. In one of these specific cases, it was during the subsequent (destructive) examination of the sample found that the concrete at the steel depth was already carbonated. Upon arrival of water at the steel surface, the corrosion process thus immediately started. In the other case, false corrosion initiation occurred at one of the steel bar ends. In one case, the concrete at the steel depth was already carbonated, thus upon arrival of water at the steel surface, the corrosion process immediately started, leading to a sharp decrease in potential. In the other case, false corrosion initiation occurred at one of the steel bar ends, which here led to a more gradual potential decrease. Please click here to view a larger version of this figure.
Discussion
The most critical steps for the success of the suggested experimental protocol to determine C crit are those including the measures taken to prevent false corrosion initiation and other steel bar end effects. In this regard, a variety of approaches were tested, among which the here reported protocol was found to yield the best results 28 . In further tests, this approach permitted decreasing the rate of false initiation to below 10%. On the one hand, this is owing to coating the border area of the exposed concrete surface with epoxy resin, which increases the length of transport of chlorides through the concrete to the steel bar ends considerably. On the other hand, replacing the original concrete around the steel bar at its ends with a dense, highly alkaline cementitious slurry significantly enhances the corrosion resistance in these areas. Such systems, i.e., coating the steel bar ends with a layer of a polymer-modified cementitious material, have proven successful also in other studies 29, 30 . Another important aspect is the criterion for corrosion initiation. This criterion is based on RILEM technical committee TC-235 that aimed to recommend a test method for the measurement of C crit in samples manufactured in the laboratory 31 . The rationale is that it is well known that onset of corrosion of unpolarized steel embedded in concrete might take place over a long period of time rather than a well-defined instant 30, 32 . Steel may start corroding at relatively low chloride concentrations but if these are not able to sustain the corrosion process, repassivation will occur, which becomes apparent by a potential increase back to the initial passive level. Such depassivation-repassivation events are typically observed in similar studies 30, 33, 34 . The chloride concentration measured at a time of stable corrosion is more relevant for practice than the time at which the very first signs of potential deviations from the passive level become apparent. With the suggested criterion, C crit represents the chloride concentration at which corrosion initiates and also stably propagates.
A limitation of the method is that the samples are relatively small, which may have an influence on the results 35, 36 . In order to counteract this, it is suggested to use a relatively high number of samples (ideally 10 the actual test area. For more details in this regard, refer to reference 36 . An additional limitation is that the moisture conditions in the laboratory exposure may differ from those of an actual structure. Finally, the detection of corrosion initiation may be difficult in cases where the potential is generally negative, such as in slag cements or other sulfide containing binders.
To the best of our knowledge, this is the first method of C crit determination in engineering structures at a stage prior to corrosion initiation. In contrast to empirical experience from structures, which is by definition obtained after corrosion initiation, this method can be used to measure C crit for specific structures or structural members before corrosion degradation occurs; the results can thus be used to assess the risk of (future) corrosion and to predict the remaining time to corrosion initiation (service life modeling). Thus, this method has the potential to be used in material testing, similar to established methods used for mechanical testing (compressive strength, etc.)
The method is currently applied to a number of different concrete infrastructures in Switzerland. This will broaden the severely limited 5 knowledge about statistical distributions of C crit in structures. Moreover, it will reveal the influence of different factors such as the age of structures, the construction materials used, etc., and thus provide important information for civil engineers and for decision-makers in infrastructure management.
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